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THE  PROBLEM 


Evolve  new  techniques  for  sonars  to  improve  low^ 
frequency  beam  formation,  reduce  or  eliminate  mechanical 
beam  steering  by  the  application  of  electrical  delay  or  phase 
compensation,  and  realize  100  per  cent  time  utilization  by 
simultaneous  observation  in  all  directions. 

Specifically,  this  report  deals  with  the  design,  con* 
struction,  and  evaluation  of  a  phase  compensator  which  uses 
resistive,  rather  than  transformer,  circuit  elements. 


RESULTS 

1.  A  single ebe am,  resistive»element  phase  compensa* 
tor  network  Was  designed  and  constructed  for  the  48*element 
array  of  the  AN/SQS*4  Mod  3  sonar  with  half -wavelength 
spacing,  its  performance  was  determined  in  the  laboratory 
by  use  of  Sonar  Test  Set  TS-826/SQS-4  and  Target  Signal 
Simulator  Control  C-1468/SQS-4. 

2.  The  phase  compensator  produced  a  single  beam 
which,  with  its  minor  lobes,  was  essentially  identical  to  the 
beams  produced  by  the  48 -beam  transformer  phase  com-* 
pensator,  which  was  designed  for  the  AN/SQS-4  Mod  3 
sonar  and  was  tested  in  the  same  way. 

3.  Satisfactory  operation  of  the  phase  compensator 
throughout  the  frequency  range  within  il7  per  cent  of  the 
design  frequency  was  demonstrated,  yielding  beam  patterns 
which  were  very  similar  to  the  transformer  phase  com¬ 
pensator  patterns  obtained  in  the  same  way. 

4.  Compared  to  the  multibeam  transformer  phase 
compensator,  the  multibeam  resistive  phase  compensator 
will  be  more  reliable  in  operation.  Further  advantages  are 
reduetions  in  weight,  size,  and  cost  made  possible  by 
printed  circuit  or  microminiature  techniques,  Manufaetur- 


ing,  especially  in  large  quantities,  will  be  expedited,  and 
testing  and  maintenanGe  sirnplified.  The  equipment  offers 
considerable  flexibility  for  interchange  in  the  event  Of 
operational  or  combat  damage. 


1.  Make  available  the  information  in  this  report  to 
interested  contractors  along  with  the  recommendation  that 
they  consider  the  use  of  the  resistive'^eleBaent  phase  com* 
pensator  for  those  sonar  receiving  systems  in  which  the 
transformer  phase  compensator  had  been  considered  or 
planned. 

Design  and  construct,  at  NEL,  a  multiple ■^beam, 
resistive^element  phase  compensator  and  conduct  complete 
tests  to  investigate  the  multiple  network  intercoupling 
effects. 


ADMINISTRATIVE  INFORMATION 

Work  on  the  resistive  phase  compensator  was  carried 
out  by  members  of  the  Special  Research  Division  under 
AS  02101,  SF  001  03  04,  Task  8051  (NEL  L3"2)  as  a  portion 
of  the  sonar  techniques  program. 

The  report  covers  work  from  February  1958  to  October 
1958,  and  was  approved  for  publication  4  December  1962. 

The  single 'beam  resistive  phase  compens  ator  was 
designed  by  the  authors  from  information  on  the  AN/SQS*4 
Mod  3  transformer  phase  compensator  supplied  by 
C,  J.  Krieger,  and  was  constructed  by  J,  A.  Thomson, 
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PREFACE 


fhia  riport  i0  Pari  XI  in  ihi  aerie*  on 
Simultaneou*  Mult t beam  Phaee  Compeneat ion»  The 
other  MMX,  report*  in  the  are  lieted 

helowi  with  brief  notation  of  the  phaee  eompen- 
tating  devioe*  and  related  etudie*  with  whioh  they 
are  oonoerned*  Bibliographic  deecription  of  theee 
reportoi  and  a  ii*t  of  other  publication*  con¬ 
taining  related  infermationt  are  given  in  the  li*t 
of  reference*  at  the  end  of  thi*  report* 

MMX  Report  582  (which  preceded  the  numbered 
part*  of  the  eerie*)  deecnbe*  the  firet  phaee 
compeneation  device  built  at  MMX»  along  with  ite 
theory^  called  the  "Scope  Preeentation  Array  com^ 
peneator*"  It  ueed  eynchroe  to  provide  eume  of 
the  vector  componente  of  hydrophone  electrical  eig 
nale  for  reepective  application  to  the  w  and 
deflection  piatee  of  an  oecilloecope*  ~ 

Parte  I  and  tl  (MMX  Report  632)  were  the 
firet  diecueeion  of  the  theory  of  mult ipl e*beam 
phaee  compeneation*  They  deeeribe  the  eecond 
phaee  compeneation  device  built  at  MMX*  the 
"Trane former  coupled  Potentiometer  compeneator* " 
Thie  device  util  teed  reeietive  elemente  in  a  htgh'^ 
impedance,  eeriee^eummatiOn,  mult iple^beam  matrix 
with  ecope  preeentation* 

Part  III  (MMX  Report  642)  deecribee  the  pilot 
model  which  wae  the  third  phaee  compeneat ing 
device  built  at  MMX,  and  which  wae  the  firet  to 
utiliee  a  traneformer  network  with  multiple 
aeoondarie*  to  achieve  multiple^beam  formation* 
Teat  reeuite  are  given* 

Part  IV  (MMX  Report  6  70)  givee  more  detailed 
laboratory  teet  reeuite  of  the  pilot  model 
eoribed  in  Part  III*  Two  appendixe*  prevent  the 
general  theory  of  phaee  oompeneation  and  it* 
application  to  linear  arraye* 

Part  V  (MMX  Report  674)  deecribee  the  fourth 
phaee  compeneat ing  device  built  at  MMX,  a  labora- 


tory  breadboard  for  the  circular  array  of  the 
AN/8tS*4  Mod  1  eonatt  with  feaulte  Of  a  Jabora~ 
tory  evaluation* 

Paf^t  Vi  (ifEL  Report  757)  deeeribee  the  fifth 
phaee  oompeneat iny  device  built  at  NXL»  a  phaee 
eompeneater  for  uee  leith  the  Zorad  {'linear  array t 
40  elemente t  100  feet  long)  otation-heeping 
eye  tern, 

part  vii  (mml  Report  R06)  deeeribee  the 
oixth  phaee  compeneat  tng  device  built  at  nsLi  a 
phaee  compeneato r  for  uee  with  the  Ajf/$QS“11 
(85*5  kc/e)  eonar»  with  reeulte  of  a  laboratory 
evaluation*  In  an  appendix  the  theory  of  phaee 
eompeneat ion  ae  applied  to  oireular  arrayo  ie 
preeented* 

Part  Viti  (NSL  Report  851)  deacnbee  the 
deeign  and  laboratory  evaluation  of  the  eeventh 
phaee  eompeneat tng  device  built  at  NSLt  a  phaee 
eompeneater  for  the  AR/sos^d  Mod  3  eonar* 

Part  IX  (RML  Report  985)  deeeribee  the  re* 
eeiving  eyetem  for  an  AR/8(l8*4  Mod  3  eonar  de~ 
eigned  for  uee  with  an  MXL  phaee  eompeneator 
(Part  VIII)*  fhie  48*beam  receiving  eyetem,  with 
AOC  beam  amplifiere  and  video  and  audio  dieplaye* 
wae  inetalled  on  U33  BRlDOtf  (DR  1084)  and  eea 
teeted  in  April  1959*  A  eompiete  eyetem  deeortp* 
tion  and  teet  reeulte  are  given* 

Part  X  (MRI  Report  1009)  devoribee  a  teeh^ 
ntque  whieh  enablee  phaee  oompeneatore  to  operate 
over  a  wide-^band  frequency  range  by  adding  extra 
eete  of  eeeondary  windingm  to  eelected  traneformer 
Goree  (hydrophone  ehannele)  to  cover  the  addi* 
tional  frequency  bande  dee i red*  Alec  briefly 
deecribed  ie  a  three* frequency  band  phaee  compen~ 
eater  conetrueted  for  aeimuthal  beam  formation 
for  the  AM/S(l3^83  eonar  for  either  receiving  or 
low  level  (1  kw)  tranemiee  ton*  Thie  ie  the 
eighth  phaee  eompeneat tng  device  built  at  MRL* 

Part  XI,  the  preeent  report,  deeeribee  a 
reeietive*element  phaee  eompeneater* 

Part  XII  (MRZ  Report  1108)  givee  a  very  com* 
prehene ive . eummary  of  phaee  eompeneat ion  and  array 
deeign* 


The  transformer  phase  Gompensator  has  been  providing 
preformed  reGeiving  beams  satisfaGtorily  for  several  years 
in  various  experimental  sonar  systems  at  NEL,  and  re^ 
Gently  it  has  been  adopted  for  use  to  provide  a  eomplete  set 
of  horizontal  azimuth  beams  in  the  AN/SQS-26  sonar.  It 
ean  also  be  baokfitted  on  An/SQS-29  series  sonars  now  in 
the  Fleet  (replacing  the  seanning  switeh  system)  as  part  of 
a  program  to  improve  performanee.  A  prototype, 
AN/SQS*29  (XN-2),  has  been  tested  at  sea  on  tJSS 
HANSON  (DOR  832).  Further  tests  are  Gontinuing  on  other 
ships . 


The  phase  GOmpensator  additionally  lends  itself  to  the 
formation  of  vertical  beams  for  either  transrnission  or 
reception. 

Because  of  its  demonstrated  usefulnessi  and  also 
because  of  the  increased  interest  in  the  phase  Gompensator 
for  use  in  Fleet  sonar  systems,  the  authors  developed,  in 
1958,  an  analogous  phase  compensator  which  is  felt  to  be 
more  practical  for  Fleet  use,  in  receiving  systems,  than 
the  transformer  type  heretofore  used.  It  is  this  analogous, 
resistive-element  phase  compensator  which  this  report 
will  describe  and  discuss. 


DEFINITION  OF  SYMBOLS 


4 

E  . 

G 

E 

Q 


E 


GO 


SpaGing  of  two  adjaGent  array  elementSi  in  feet 
Equivalent  Gosine  generator  voltage 
Voltage  on  GOsine  bus  proportional  to 
t=Nl2 

2  t  ot 

t=  ^MI2 

Voltage  aeross  produGed  by  E . 


E. 


Signal  amplitude  at  element  i 


E  Beam  output  voltage,  resistive  phase  eompen- 

sator 

E  Equivalent  sine  generator  voltage 

E 

^  s  Voltage  on  sine  bus  proportional  to 

o  sin  0 

i-^Nl2 

E  Quadrature  sum  of  X  and  7 

SQ 

E  Voltage  aeross  produeed  by  E 

so  ®  L  -  s 


E  A  voltage  introdueed  at  a  beam  output,  with 

^  zero  input  from  the  array  preamplifiers,  to 

establish  degree  of  beam’^to^beam  cross  talk. 
E  E  for  any  given  consideration. 

X  Q 
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DEFINITION  OF  SYMBOLS  (Gontinued) 


Voltages  generated  at  element  of  the  re^ 

sistive  phase  eonipensator.  E .  -  e  ,  -  e  ^ 

V  Bi  si 

in  amplitude^  but  e  _ .  and  e  may  be  of  op- 

Q2/ 

posite  polarity  (180®  phase  differ enee). 

Cross-talk  voltage  from  a  given  beam  network 
across  the  resistance  of  a  generator  (preamp) 
contributing  to  that  beam 

Element  number 

Constant  in  resistive  phase  compensator 


t=T/2' .  _ 

I 

t=  ^N/2 

2ft /X  (wave  number) 

Number  of  elements  in  array 
Number  of  cosine  winding  turns 
Number  of  sine  winding  turns 
Quadrature  sum  of  X  and  7,  E  ^  X  JY 
Equivalent  parallel  resistance  of  the  r 

0(j 

Load  resistance  of  resistive  phase  compen«‘ 
sator  beam 


Value  of  characteristic  resistance  in  resistive 

R  9  E  ^  E  "UiZr’  1/ujc 
s  Q 
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DEFINITION  OF  SYMBOLS  (Continued) 


Equivalent  parallel  resistance  of  the 

3  0 

Radius  of  circle  of  hydrophone  elements, 
circular  array 

Gtenerator  (preamplifier)  resistance 
Cos  attenuating  resistor  for  element 
Sin  attenuating  resistor  for  element 
Signal  vector  at  element  t .  S  ~  E.  exp  j  6 

1/2/  U 

Sum  of  cosine  multiplied  signals 
Sum  of  sine  multiplied  signals 
Coupling  correction  factors 

180 

Azimuthal  direction  of  arrival  of  sound 
measured  from  array  normal  or  axis  of 
Symmetry 

Phase  at  t*-  element,  referred  to  a  reference 

point,  for  any  direction  of  arrival  of  sound 

0  ^  hr  {cos  [@  ^(t+ §)§]<*  1} 

c 


DEFINITION  OF  SYMBOLS  (Continued) 


Phase  at  element^  referred  to  a  reference 
point,  for  sound  arriving  from  direction  of 
compensation  (subscript  s  for  linear  array, 
and  6  for  circular  array) 

®  [cos  ( f  ?  i)  ] 

ot 

0  .^Ci-(i)]^d  sin  0 
ot  o 

Shading  factor  of  element 


DISCUSSION  OF  OEAM  FORMATION 


To  obtain  a  maximuna  response  t©  Signals  frona  any  one 
direction  by  an  aconstie  array  (or  portion  of  an  array)  of 
any  configuration,  the  electrical  signals  generated  by  each 
element  of  that  array  must  in  some  manner  be  caused 
either  to  add  together  as  though  all  elements  had  received 
the  acoustic  signal  at  the  same  time  or,  in  the  event  that 
the  "signal"  is  a  periodic  wave  train,  to  add  the  signals 
from  each  element  "in'^phase"  with  one  another  for  the 
arrival  of  sound  from  the  direction  of  compensation.  The 
first  instance  occurs  naturally  without  compensation,  for 
example,  in  a  linear  array  as  a  consequence  of  its  shape » 

A  plane-wave  signal  coming  from  anywhere  in  a  plane  per¬ 
pendicular  to  a  straight  line  through  the  elements  actually 
arrives  at  all  of  them  at  the  same  timei  To  "look"  in  any 
other  direction  with  a  linear  array,  the  electrical  signal 
from  each  element  can  be  delayed  by  the  proper  amount  and 
then  electrically  added  to  the  last  element's  undelayed  sig¬ 
nal  at  the  time  that  it  is  generated.  The  first  situatibn 
al":o  occurs  naturally,  without  compensation,  for  cireuiar 
arrays,  if  a  plane-wave  acoustic  signal  arrives  from 
either  direction  perpendicular  to  the  plane  of  the  array, 
since  it  arrives  at  all  af  the  elements  simultaneously. 

Again,  to  "look"  in  any  other  direction,  each  element's 
electrical  signal  can  be  delayed  by  the  proper  amount  of 
time  and  added  to  the  last  element's  undelayed  electrical 
signal  at  the  time  it  is  generated. 

Electrical  delay  lines  have  been  the  primary  means  of 
accomplishing  these  necessary  electrical  delays  in  the  past. 
With  the  requirements  of  new  large  sonar  arrays  and  the 
use  of  multiple  preformed  beams,  the  large  number  of  de¬ 
lays  and/or  long  delay  periods  necessitate  almost  prohibi¬ 
tively  large,  heavy,  and  costly  delay  line  installations 
which,  with  their  stringent  requirements,  approach  the 
limit  of  the  state  of  the  art.  Another  relatively  new  method 
of  accomplishing  the  necessary  delays  uses  digital  delay 


(shift  fegistefs)i^^  These  are  more  GompaGt  than  delay 
lines  and  sdMewhat  less  costly.  There  are  several  other 
ways  in  which  the  signals  can  be  delayed,  such  as  by  mag* 
netic  tape  and  drums,  and  by  film  and  thermoplastic  tech* 
niques.  These  offer  promise,  particularly  for  very  large 
sophisticated  systems. 

However,  if  a  singie*frequeney  periodic  wave  train  (as 
a  "ping"  from  typical  active  sonars  in  the  Fleet)  is  used,  it 
may  not  be  necessary  to  delay  a  particular  place  in  the 
wave  train  by  the  full  time  of  travel  of  the  acoustic  wave 
from  the  first  element  in  the  array  to  the  last.  Instead, 
the  individual  elements  can  have  their  electrical  signals 
operated  on  so  that  they  electrically  add  ''in*phase"  (co* 
herently)  for  any  particular  direction  of  sound  arrival* 

They  will  add  in  various  phases  for  sound  arriving  from  any 
other  direction,  so  the  total  response  of  the  array  to  the 
periodic  signal  arriving  from  the  direction  of  compensation 
will  be  greater  than  that  for  arrival  from  any  Other  direc* 
tion.  This  is  what  the  phase  compensator  accomplishes. 

Delay  lines  are  basically  broadband,  passive  devices 
which  pass  both  amplitude  and  phase  (or  time)  information; 
shift  registers  are  active  broadband  devices  which  pass 
quantized  phase  (Or  time)  information  only;  phase  compen* 
satorS  are  basically  passive,  single  ^frequency,  or  narrow* 
band  devices  which  pass  both  amplitude  and  phase  informa* 
tion. 

Delay  lines  for  low  frequencies  and  long  delays  are 
large,  heavy,  and  expensive;  they  are,  however,  generally 
reliable.  Shift  registers,  for  long  delays,  are  much  more 
Compact  than  delay  lines  and  somewhat  less  costly;  they 
have  a  somewhat  lower  probability  of  reliability,  using 
conventional  components,  since  the  reliability  factor  of  at 
least  one  component,  the  transistor,  is  added  relative  to 
the  delay  line.  Phase  compensators  are  very  compact  and 
inexpensive,  compared  to  both  delay  lines  and  shift  regis  * 
terS,  with  a  higher  probability  of  reliability  since,  for  the 
transformer  phase  compensator,  the  only  circuit  elements 
are  toroidal  transformers  plus  one  or  two  capacitors  and 


resistors  (90*  phase  shifters)  per  beam.  For  the  resistive 
phase  compensator  the  only  circuit  elements  are  resistors, 
plus  only  one  capacitor  and  one  inductor  (90®  phase  shifter) 
per  beam;  their  main  limitation  is^  of  course,  that  they  are 
intended  to  operate  only  over  a  narrow  frequency  range. 

An  earlier  report^®  describes  a  technique  to  enable  basic 
phase  compensators  for  circular  arrays  to  operate  satis* 
factorily  over  a  wide  frequency  range,  with  slight  modifi* 
cation.  The  same  nxethod  is  also  applicable  to  the  resistive 


COMPARISON  OF  THE  TRANSFORMER  AND  THE  RESISTIVE 
PHASE  COMPENSATORS 


Phase  compensators  perform  four  basic  operations  to 
accomplish  their  "in-phase"  addition  of  the  hydrophone  sig** 
nals  in  an  array  to  form  a  beam:* 

I4  Multiplication  of  each  hydrophone  signal  by  a  quan* 
tity  proportional  to  cos  6  and  summation  of  all  "cos  ¥  " 

6V  ot 

multiplied  signals  of  the  contributing  hydrophones  to  give  a 
resultant  X  component  of  the  voltages . 

2  4  Multiplication  of  each  hydrophone  signal  by  a  quan¬ 
tity  proportional  to  sin  ¥  >  and  summation  of  all  "sin  ¥  . " 

O  u  0  t 

multiplied  signals  of  the  contributing  hydrophones  to  give  a 
resultant  Y  component  of  the  voltages  4 

84  Vector  rotation  of  the  result  of  operation  (2) 
through  *90®  to  make  this  resultant  *jT4** 

4,  Summation  of  ^and  where  the  new  resultant, 
which  is  the  beam  response,  is 

B-X^JY  (1) 


♦See  ref,  5,  p,  7  and  ref.  6,  p,  14, 

**The  required  vector  rotation  could  be  introduced  before 
summation,  rather  than  after,  as  for  example  at  the  output 
of  each  array  element,  or  at  the  completion  of  the  multi* 
plication  of  each  hydrophone  signal.  Either  of  these 
methods,  however,  requires  more  phase  shift  networks 
than  vector  rotation  after  summation. 


Transformtr  Phast  Cofflpensator 

The  four  basic  operations  performed  by  the  transformer 
phase  Gompensator  are  as  follows  (fig^  1): 

1  i  To  muitiply^ach  hydrophone  signal  by  a  quantity 
proportional  to  cos  0  , ,  the  signal  is  applied  to  the  primary 

ol' 

of  a  transformer  whose  secondary  turns  are  proportional  to 
cos  0  i  To  sum  this  with  the  other  signals  which  have  been 

multiplied  by  their  cos  @  the  secendary  is  Gonnected  in 
series  with  the  secondaries  of  the  other  hydrophone  trans* 
formers i  All  primaries  have  an  equal  number  of  turns. 

2.  To  multiply  each  hydrophone  signal  by  sin  0  , 

another  secondary  is  placed  on  the  trans^rmer  of  step  1 
and  its  turns  are  proportional  to  the  sin  ¥  .  i  To  sum  this 

ot 

voltage  with  the  other  signals  which  have  been  multiplied  by 
sin  0^^,  these  secondary  turns  are  connected  in  series  with 
the  "sine"  secondaries  of  the  other  hydrophone  transformers. 

3.  Vector  rotation  (-jT)  is  performed  with  a  phase 
shift  network.  Either  7  can  be  rotated  -90**;  or  X  can  be 
rotated  ♦45®  and  Y,  *45*;  or  any  other  desired  combination 
can  be  used,  as  long  as  the  relative  phase  shift  is  90®. 

4.  Summation  of  the  two  resultant  vectors,  /  and 

is  performed  in  a  summation  network.  The  phase  Shift  and 
final  summation  can  be  suitably  accomplished  at  one  time 
in  a  single  combined  network. 

It  should  be  noted  that  the  Sin  0  .  and  cos  ¥  .  will  have 

oiy  OV 

either  (♦)  or  (*)  values,  or  both.  The  (*)  secondaries  are 
tied  in  series  with  their  winding  ends  reversed  to  obtain 
the  (*)  terms,  i.e,,  those  180®  out  of  phase  with  the  (+) 
secondaries . 
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TO  46  OTHER  PAIRS  OF 
SECONDARY  ‘STRIN6S' 

TO  FORM  46  other 
BEAMS.  EACH  CORE  HAS 
24  PAIRS  Of  seConoaRieS, 
ONE  PAIR  FOR  EACH  BEAM 
WHICH  IS  FORMED  USiNB 
THAT  HYDROPHONE  CHANNEL 

FOR  Its  formation. 


mr£:  E  ACH  PRIMARY  COUPLES  mOUCTIYELY  TO  ITS  SECONDARIES 
IN  THE  horizontal  ROW  TO  iTS  RrOHT. 

(The  shaped  areas  represent  the  toroidal  tranS^ 

FORMER  CORES  FOR  THE  WINDINGS  SHOWN  SUPERIMPOSED 
ON  THEM. ) 

THERE  IS  ONE  PRIMARY  FOR  EACH  HYDROPHONE  CHANN|L, 
AND  ONE  PRIMARY  FOR  EACH  CORE,  ALL  PRIMARIES  HAVE 
The  same  number  of  turns. 


Figure  i.  Formation  of  two  adjacent  receiving 
beams  for  the  AN/SClS-4  Mod  3  sonar  by  use  of  the 
transformer  phase  compensator*  Only  of  the  4S 
hydrophones  in  the  array  are  used  for  each  beam. 
This  exemplifies  transformer  phase  compensator 
beam  formation  for  any  circular  array*  Linear 
arrays  use  all  the  hydrophones  to  form  each  beam* 
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ttesistive  Phase  Compensator 

The  four  basic  methods  by  which  the  transformer 
phase  compensator  operates  on  the  signal  (as  described  in 
the  preceding  section)  are  performed  by  the  resistive  phase 
compensator  as  follows  (fig*  2  and  3); 

li  To  multiply  each  hydrophone  signal  by  a  quantity 

proportional  to  cos  ¥  the  signal  is  applied  to  a  resistor 

ot 

voltage  divider  and  is  attenuated  to  an  amount  proportional 
to  cos  6^^  .  To  Sum  this  with_the  other  signals  which  have 
been  multiplied  by  their  cos  @  nil  of  the  voltage  dividers 

0  Xt 

are  designed  to  use  a  common  load>  which  for  any  one 
divider  includes  also  the  parallel  load  of  the  other  dividing 
resistors  * 

2.  To  multiply^  each  hydrophone  signal  by  a  quantity 
proportional  to  sin  @  the  signal  is  applied  to  a  resistor 
voltage  divider  and  is  attenuated  to  an  amount  proportional 
to  sin  ¥  ^  .  As  in  step  i,  the  sine  signals  are  summed  into 
a  common  load. 

3.  Vector  rotation  (^JY)  is  performed  in  a  high-C  LC 
network  which  is  also  simultaneously  a  part  of  all  the  sine 
and  Cosine  voltage  dividers’  load.  (Other  types  of  90® 
phase  shift  networks  could  be  used. ) 

4.  Summation  of  the  two  resultant  vectors  K  and  -JY 
occurs  across  a  common  resistive  load.  In  a  sonar  system 
this  would  be  the  input  resistance  of  the  amplifier  for  that 
beam. 


Figure  2*  Formation  of  two  adjacent  receiving 
beams  for  the  AN/$Q2~4  Mod  3  sonar  by  use  of  the 
resistive  phase  compensator*  Only  24  of  the  48 
hydrophones  in  the  array  are  used  for  each  beam* 
This  exemplifies  resistive  phase  compensator  beam 
formation  for  any  circular  array*  Linear  arrays 
use  all  of  the  hydrophones  to  form  each  beam* 


i  i 


TTnCAL  #  I4*M 

HTOWowiowcs,  pfttam 

AND  TKANSFCMMeKS 


Figure  3.  Formation  of  one  beam  (No*  1,  000° 
relative  bearing)  for  the  AN/SQS^4  Mod  3  sonar  by 
use  of  the  resistive  phase  compensator,  relative 
to  the  portion  of  the  hydrophone  array  used* 
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other  Oesifii  Parameters 

Both  the  transformer  and  the  resistive  phase  GOmpen- 
sators  must  aeGommodate  in  their  designs  other  parameters 
which  will  modify  the  basic  response  equations  ^  In  many 
practical  arrays,  directional  rather  than  omnidirectional 
hydrophones  are  used.  Each  hydrophone  in  the  array  has  a 
directivity  pattern  of  its  own  which,  although  broader, 
should  be  considered  in  the  array  design.  A  second  factor 
is  the  use  of  amplitude  shading,  which  is  employed  in  many 
current  array  designs  and  is  accomplished  by  progressively 
attenuating  the  hydrophone  channel  outputs  away  from  the 
center  of  the  array  (or  the  portion  used  for  the  beam  being 
considered)  in  a  particular  pattern.  Its  purpose  is  to  re*^ 
duce  the  minor  lobes  of  the  directivity  pattern  relative  to 
the  main  lobe.  This  factor  must  be  included  in  the  phase 
compensator  desifii  fpr  each  beam. 

Only  the  transformer  phase  compensator  has  mutual 
coupling  errors  which  reduce  its  performance  in  small 
degree,  unless  corrected  in  the  design.  These  factors  are 
tabulated  on  page  6  of  reference  $  for  the  phase  compensa^ 
tor  design  for  a  particular  circular  array.  * 

Also,  in  designing  a  phase  compensator  it  is  necessary 
to  be  able  to  perform  the  four  operations  in  terms  of  the 
specific  array  configuration,  namely,  hydrophone  spacing 
and  arrangement  in  terms  of  the  phase  relations  of  the 
Sound  in  water.**  The  response  to  sound  from  any  direction 
of  an  unshaded  circular  array  which  has  been  compensated 
for  the  direction  of  the  axis  of  symmetry  is : 


i  =  ^Nl2 


*8ee  ref,  13,  p,  43  ff, 

**See  ref,  7,  Appendix;  and  ref.  8,  p,  5  and  9, 


(2) 


The  response  to  sound  arriving  frorn  any  direction.  Of  a 
circular  array  with  cosine  ^Square  law  shading  and  allowing 
for  the  response  of  a  single  element,  is: 

Ii=\  E.  cos^ it  ?  1)6  ‘COS  C@  “  (t  +  ^)S]  *expCj(0 9  .)3 

Li  h  V  dt 

i=^MI2 

The  number  of  secondary  turns  and  and  their 

Q  3 

respective  proportional  voltages  (for  equal  voltages  into 
each  primary),  and  ,  (fig.  1),  and  also  the  proper* 
tional  attenuated  voltages  of  the  resistive  compensator 
(figi  2)  are  made  proportional  to  the  cosine  and  sine  of  6 
respectively,  in  both  cases: 

N  or  e  <x  cos  0  , 
e  c  oi 


ilT  or  e  «  sin  0  . 

S  8  01 

The  basic  values  above  are  now  modified  to  include, 
for  the  transformer  phase  compensator:  (1)  the  coupling 
correction  factors  y^and  y^;  (2)  the  shading  factors* 
e.g, ,  cos^  (t  +  I)  7,  p®;  and  (3)  the  maximum  number  of 
secondary  turns  -  *  chosen  for  the  AN/SQS-4  Mod  3  to  be  112 

N  ^  Y,  ^  •  112  •  cos®  [(t  ^  I)  7. 5®]  •  Cos  f  . 

a  h  '  '  ■  of, 


N  *  y,^  •  112  •  cos®  [(t  i)  7. 5®  ]  ^  sin  6  . 


The  e  ^  and  to  be  achieved  for  the  resistive  phase 
compensafor  do  not  include  the  coupling  correction  or  the 


maximum  number  of  turns  and  are : 

e  .  «  cos®  (i%.  ‘  cos  I  . 

Qu  6  t 

e  .  oe  Cos®  (i  I  I)  7/5“  •  sin  0  . 

Q  'h  0  u 


In  general^  for  any  array  configurationi  the  e  .  and 
to  be  achieved  for  a  resistive  phase  compensator  are 


directly  proportional  to  the  basic  number  of  corresponding 
secondary  turns*  plus  the  shading  factor,  of  a  transformer 
phase  compensator  for  the  same  array*  The  value  of  each 
attenuating  resistor  will  always  be  related  to  the  number  of 
turns  of  each  corresponding  secondary  winding  in  its  trans- 
former  compensator  counterpart* 


The  cosine  resistor  network  is  designed  as  a  minimum 
loss  pad  for  summing  the  signals*  The  sine  network  intro^ 
duces  the  additional  loss  relative  to  the  cosine  network  re¬ 
quired  by  the  shading  factor. 


DESIGN  DF  A  RESISTIVE  PHASE  COMPENSATOR 


Figure  A^l  in  Appendix  A  shows  a  resistive  phase  Goa- 
pensator  in  seheniatiG  form^  The  quantities  @  _  ,  ete., 
denote  the  voltage  outputs  of  the  hydrophoia  .  I%ey  have 
the  saae  aaplitude,  but  aay  have  opposite  polarities  . 

The  attenuating  resistors  etGi>  are  defined 

by  equations  A9andAlO  of  Appendix  A: 

St  K  Q ,  sin  0  3 


and 


n 


k o'  cos  ¥  . 
t  6t 


Where 


J  =  Oil,  =  ^  (eqn.  A6,  Appendix  A) 

mQ 

and  L  and  Care  the  phase -shift  network  elements. 


y  s  *  (eqn.  Al^  Appendix  A) 

N 

I 

t- 1 

and  @  .  is  the  phase  at  the  element  (also  see  list  of  sym¬ 
bols,  p.  2  ),  This  quantity  is  determined  by  the  geometry 
of  the  array. 

The  shading  factor  of  the  4^^  element,  g^,  is  determined 
by  the  desired  minor  lobe  levels. 

Thus  all  the  r  , 's  and  r  .'s  can  be  found.  An  example 

'  '  S4  ’  QV  '  '  ' 

of  the  design  of  a  single-beam  resistive  phase  compensator 

is  given  in  the  following  section. 


TEST  RESULTS  8F  THE  SINULE-BEAM  AN/SOS-4  MOD  3 
RESISTIVE  PHASE  COMPENSATOR 


A  single  “beam  j  16“element,  resistive  phase  Gompen^ 
sator  was  designed  (see  table  1)  in  February  1958  and  tested 
in  OGtober  1958  on  the  AN/SQS“4  Mod  3  Sonar>  using  Sonar 
Test  Set  TS“826/SQS“4  and  the  Target  Signal  Simulator 
Control  G“1458/S^*4. 

tABlif  U  “  Design  para/neters  and  key  equations  for  the  design  of  a  single^bOain.  resistive  phase  coffl^hsalor  for  the  ANfSQS-d  Atod  3  sonar. 


_ _  _ cos .  _ 

SIN 

■ 

r 

i 

1 

Calcu¬ 

lated 

kildhms 

Std.  Value 
Used 
Uiohms 

sihl^ 

_ 

Calcu¬ 

lated 

kildhms 

StdL  Value 

i 

«0i 

*1 

COSO. 

*iC“»oi 

ffj  c6s'S|jj 

"l*'"«oi 

*1  li"  *ol 

Uiohms 

*  'm  s 

-5^.« 

asoM 

-aW37 

-029127 

-3.3*2 

17. 156 

16.9 

-a  30182 

-0W16J 

-107^ 

H  i* 

>3 

7 

•400144 

a  45^4^ 

*076116  ‘ 

♦033097 

♦.3.  .0714 

15:253 

15.0. 

-0648% 

=tLai95_ 

•.i5«7 

17.® 

17.4. 

6 

-29L  71 

aS65% 

♦037002 

+02^16 

+4.7810 

241137 

0.7 

+0  92902 

+05»14 

+  19042 

9.613 

da 

5 

li 

a  69134 

-093043 

-165707 

_7-6» 

7.68 

+0  310* 

+anm 

*  oea 

a  416 

&2 

4 

'12L23  : 

-051852 

-0417^ 

-2.3976 

jdiiM 

jij 

-dos* 

4^9^ 

^r«39 

J.Jt40 

7.32 

... 

^  6Z38 

dneegi 

+046355 

+041566 

+14058 

11146 

llT 

[-08^ 

-079452 

-L2586 

6.354 

6.34 

2 

-  22  58 

a  96194 

+092332 

mMU 

♦L 1259 

d686 

dw 

|-d3»)0 

4  36941 

‘  iTWd 

a666 

ill 

1 

-  152 

d9e72[ 

+0^ 

+09^6 

*t«d3 

dim 

dll 

-a  04391 

-004372 

.ana 

lid  471 

lldO 

./I 

■  is? 

0199577 

+a9W 

.0199476 

.Ld|53 

5.075 

5.11 

-004391 

4D*72 

-ai72» 

lld«! 

IldQ 

•2' 

-  2158 

a%19« 

+0.92332 

;^d<asii 

♦Ll»9 

d6»4 

d76 

-Or^ 

d^i 

10466 

13,  7  . 

-3 

4ll8' 

a>96U 

-a  46355 

.d41566 

.'ill* 

ill 

rd.i*®?. 

■  L25K 

'03M 

'd3ir__ 

.*4 

-121.23 

o.nos 

-051852 

-a6i7dr 

-13976 

1I106 

ill 

“^L«}9 

7.340 

!•» 

“  .5 

-i«.n 

(169134; 

-a  95043 

-a457m 

a  5219 

7.60 

7.68 

.OSIOB 

.021497 

♦  dBW 

S3  ^ 

-6 

-291,71 

as^ 

+037002 

Hi»M6" 

.dntd 

H137 

a? 

♦09^ 

^05814 

♦  L  9012 

91613 

9.  a 

-7 

-400144 

giiM4 

+076116 

♦0^ 

♦3liKl4 

Ido 

-d64» 

-dale 

+  3.M7 

i7.9B 

17.4 

■m  -« 

-52143 

a  30066 

-0i953» 

HI  29427“ 

-3.3982 

17.156 

10  9 

-0130102 

-009516 

^107342 

50 1» 

52L3 

i  •HfZ  i  ‘HIZ 

J  IffjCose^l  •&««  J  |e,ilnfj,l -fcBU 

I  •  -«?  I  -MW? 

Wole;  The  values  lor (rj.  cosS^,  aiHlsine,;)  Mre  oMaineO  Iron  tahle  1,  page  6.  ol  relirence  tl  They  are  the  values  used  lor  the 
design  of  the  transformer  phase  compensator  for  the  AWSQS^a  Mod  3  sonar.  Although  24  elements  were  used  for  the  AWSPS^d  fM  }, 
only  16  elements  were  used  here  to  form  a  Oeam. 


.  .  0^  im) 

8,41^ 


K^eOUATKMS 


,  ,  _ u- 

^  ^si  K  ff;¥h  fc 


MU 


1 


*.  r. 


liTNl? - _ 

T  le,  sinl. 

i^slaf^  ' 


rniF 

1  1*1 


Wd 

.  600A 

1- 


600A 


6.003  a294« 


2109.7  SM.  valiie  2. 15  Utohms 


Figure  4  shows  the  circuit  testedi,  The  transformers 
used  were  surpiuSi  NEL  No.  4646^  with  1475  turns  With  a 
nominal  audio  impedance  of  lOOOQ  to  lOOOQ.  Two  of  these 
transformers  were  connected  to  act  as  one  for  each  of  the 
16  circuit  transformers^  with  a  400“Ohm,  center-tapped 
load  across  each  secondary*  The  resistors  used  were  the 
nearest  standard  value  of  the  RN  70  B  encapsulated  film 
type*  il  per  cent,  4watt.  The  inductor  L  was  a  small  toroid 
wound  at  NEL  with  X  -  7.96  mh  ^1  per  cent  and  $  =  90.  The 
design  value  of  the  capacitor,  O',  was  0.0221  pf  ±l  per  cent 
and  Was  obtained  by  paralleling  several  glass  capacitors  of 
nominal  5  per  cent  tolerance  and  bridging  them.  The  inter® 
nal  keyed  oscillator  of  the  test  set  was  disabled  for  the 
measurement  and  a  steady  ejctemal  oscillator  signal,  moni* 
tored  by  a  counter*  was  injected  into  the  test  set*  The 
manual  target  ^bearing  control  was  rotated  at  a  slow*  eon® 
stant  rate  (approximately  l  revolution/ 35  seconds)  by  a 
small  motor  gear  box  attached  to  the  shaft.  This  simulated, 
as  received  by  16  Of  the  48  elements  at  a  time,  a  plane® 
wave  source  circling  around  the  AN/$Q$®4  sonar  at  a  con® 
stant  rate. 

The  outputs  of  preamplifiers  No*  41  through  No.  8 
were  then  cowiected  to  the  resistive  phase  compensator 
inputs,  thus  forming  a  beam  in  the  direction  of  relative 
bearing  000°*  Any  other  beam  cOuld  have  been  chosen. 

The  individual  filters  in  each  preamplifier  could  not 
easily  be  removed  for  the  tests*  so  it  was  necessary  to 
"brute  force"  the  signals  through  them  while  measuring 
response  of  the  phase  compensator  at  other  than  the  design 
frequency.  Of  course  this  resulted  in  much  lower  signal/ 
noise  ratio  at  ±17  per  cent  from  the  design  frequency,  but 
the  most  essential  information  remained  above  the  noise. 

Th^  output  of  the  resistive  phase  compensator  was  amplified 
by  a  variable  gain  amplifier  and  recorded  on  a  Bruel  and 
Kjaer  Type  2304  logarithmic  recorder  as  a  linear  plot  of 
the  directivity  pattern. 

Figure  4,  Circuitry  of  the  3  ingle<"beam,  ___ 

16‘^element  resistive  phase  compensator  tested  in 
October  1958, 


Figure  5A  shows  several  strips  of  the  resistive  phase 
Gompensator  patterns  recorded  at  frequenGies  above, 
below,  and  at  the  design  frequenGy*  Figure  5B  gives  three 
GOmparative  patterns  for  the  transformer  phase  Gompen* 
sator.  obtained  in  the  same  manner. 


Figure  Phase  compensator  patterns  at  various 

frequencies*  Per  cent  of  design  frequency  is 
indicated  at  upper  left  of  each  pattern* 

A,  Linear  plot  of  directivity  patterns  of  re* 
sistive  phase  compensator*  ^ince  these  were  p6* 
tained  through  the  AN/sciS-4  preamp  filterst  the 
absolute  amplitudes  cannot  easily  be  correlated  at 
different  frequencies*  however,  the  beam  shape, 
and  amplitude  relative  to  the  minor  lobes,  are 
almost  identical  to  those  of  the  transformer  phase 
compensator  (and  also  the  AN/SQS-^4  scanning  switch 
beam)  at  the  design  frequency,  and  they  appear  to 
remain  useful  (at  least  IB  db  minor  lobe  suppres¬ 
sion)  at  B3  to  11^  per  cent  of  the  design 
frequency  **  i*e*,  over  a  bandwidth  of  approxi¬ 
mately  fQ-l7  per  cent* 


Figure  5  (Continued)  B,  Linear  plot  of  direct  i'^ 
vity  patt  erne  of  transformer  phase  compensator » 
shown  for  comparison  with  those  of  the  resistive 
phase  compensator,  figure  5A,  The  remarks  on  that 
figure  also  apply  here. 


1»  A  single-beam,  resistive-element  phase  compen¬ 
sator  network  was  designed  and  Gonstrueted  for  the 
48-element  array  of  the  AN/SQS-4  Mod  3  sonar  with  half- 
wavelength  spacing.  Its  performance  was  determined  in  the 
laboratory  by  use  of  Sonar  Test  Set  TS-826/SQS-4  and  Tar¬ 
get  Signal  Simulator  Control  C-1458/SQS-4. 

2.  This  phase  compensator  produced  a  single  beam 
which,  with  its  minor  lobes,  was  essentially  identical  to 
the  beams  produced  by  the  48 -beam  transformer  phase 
compensator,  which  was  designed  for  the  AN/SQS-4  Mod  3 
sonar  and  was  tested  in  the  same  way, 

3*  Satisfactory  operation  of  the  phase  compensator 
throughout  the  frequency  range  within  ±17  per  cent  of  the 
design  frequency  was  demonstrated,  yielding  beam  patterns 
which  were  very  similar  to  the  transformer  phase  compen¬ 
sator  patterns  obtained  in  the  same  way. 

4.  Compared  to  the  multibeam  transformer  phase 
compensator,  the  multibeam  resistive  phase  compensator 
will  be  more  reliable  in  operation.  Further  advantages  are 
reductions  in  weight,  size,  and  cost  made  possible  by 
printed  circuit  or  microminiature  techniques.  Manufactur¬ 
ing,  especially  in  large  quantities,  will  be  expedited,  and 
testing  and  maintenance  simplified.  The  equipment  offers 
considerable  flexibility  for  interchange  in  the  event  of 
operational  or  combat  damage. 


RECOMMENDATIONS 

1 .  Make  available  the  information  in  this  report  to 
interested  contractors  along  with  the  recommendation  that 
they  consider  the  use  of  the  resistive-'Clement  phase  com¬ 
pensator  for  those  sonar  receiving  systems  in  which  the 
transformer  phase  compensator  had  been  considered  or 
planned. 


2.  Pesign  and  Gonstf  Uet,  at  NEL*  a  multiple -be arn, 
resistive -elernent  phase  Gompensator  and  GonduGt  Gdmplete 
tests  to  investigate  the  multiple  network  intereoupling 
effects. 
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APPENDtX  A:  mmX  ANALYSIS 


Figure  A^l  illustrates  the  Gircuitry  for  the  formation 
of  one  beam  with  the  resistive  phase  compensatori 


SINE  COSINE 


Figure  A~l*  Equi valent  cireuit  No^  !• 


It  is  desired  to  attenuate  the  signal  from  hydro'* 
phone  element  iby  means  of  resistance  r  .  (whieh  is  a 
physical  resistor  plus  the  generator  resistance)  to  a  value 
at  point  B  which  is  proportional  to  |  sin  ¥  ^  | .  The  same 

result  is  desired  for  the  e  voltage.  In  addition  we  must 
choose  the  proper  values  oiL  and  ^  *50  that  the  resultant 
voltage  from  point  A  is  phase-shifted  -45*  at  point  B,  and 
the  resultant  voltage  from  point  C  is  phase-shifted  +45* 
also  at  point  B  to  give 

=  X-^  JY  (AD 

~sc  " 

To  determine  our  relationships  for  this,  we  will  put 
equivalent  circuit  No,  l  into  the  form  of  equivalent  circuit 


No.  2  (figi  A*2),  letting^  and^ 
equivalent  resistances  of  t^e  r  ^ 
in  parallel,  so  that  ® 


<- 

'I 


,  respectively,  be  the 
in  parallel,  and  of  the  r  , 

at 


(A2) 


Figure  A^Z*  Equivalent  circuit  No»  Si 

Considering  the  effects  of  each  equivalent  generator 
separately  {.Eq  and  E q  )  by  superposition,  we  arrive  at 
equivalent  qircuits  3a  and  3b,  for  the  sine  and  cosine 
sides,  respectively  (fig*  A’3), 


Figure  A’^3,  Equivalent  eireuita  Noa,  3a  and  3b 


First,  we  will  consider  Circuit  3a.  Since  We  want  to 
know  the  ratio  Of  the  voltage  out  (J*  )  at  B,  to  the  voltage 
in  ( F  )  we  will  have 
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£ 
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Jt 

3 


L  a  {iiC 


(A3) 


Now  if  We  specify  the  condition 


8  <3 
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ml  -  B 
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(A4) 


at  the  design  frequency^  we  realize  considerable  simplifi» 
cation,  and 
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E 
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'  J 
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=  (1  *  ■/) 
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(A5) 


The  relative  phase  of  the  voltage  is  cp^  "  ^45“,  as 
illustrated  below: 


E 
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Note  that  the  phase  shift  is  independent  of  The  ratio 

R  IR  f  will  determine  the  total  attenuation  from  input  to 
0 

outputs 

We  oan,  in  the  same  manner,  evaluate  equivalent  eir^ 
Guit  3b  and  find  that 
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CO 
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^0 
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2(1+^) 
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(A6) 


and  that  the  relative  phase  of  the  voltage  is 


cp  -  +45®; 
c 


Thus  the  sum  of  the  attenuated  sine  voltages  will  be 
phase-shifted  -45°,  and  the  sum  of  the  attenuated  cosine 
voltages  will  be  phase-* shifted  +45®  with  respect  to  the  input 
reference.  The  sum  of  the  attenuated  sine  voltages  will 
then  be  effectively  phase-^shifted  -90®  with  respect  to  the 
sum  of  the  attenuated  cosine  voltages.  This  will  perform 
the  rotation  through  -J,  and  ^  ^  -  jT. 

We  can  now  establish  conditions  which  will  allow  us  to 
find  the  values  of  each  of  the  attenuating  resistances, 

and  r  .  . 

ci 

First  we  will  consider  the  sine  resistors  by  redrawing 
equivalent  circuit  3a  so  that  we  may  show  a  different  im¬ 
pedance  that  will  be  usef\4. 


As  shown  in  equivalent  circuit  4  (fig*  A-4),  we  should 
note  thatj  at  point  A,  we  look  to  the  right  into  impedance 
Z and  to  the  left  into  the  resistive  impedanoe  which 
w%  have  already  specified  as  equal  to  unL,  ^  ,  and  . 
Equivalent  circuits  Sa  and  5b  (fig.  A ■^5)  shew  how  we  can 
consider  each  r  in  turn  by  allowing  all  of  the  in 
parallel,  except  the  one  being  considered,  to  be  repre- 
sented  by  a  new  equivalent  resistance 


Figure  A~4 m  Equivalent  circuit  No»  4, 


i»i 


Figure  A’^S,  Equivalent  cirouita  Noa.  5a  and  5b, 


Of  course,  each  M  '  corresponding  to  each  will  be 
different,  but  the  inipedance  looking  left  at  point  A  will 
always  be  A ,  and  looking  right  at  point  A  will  always  be 
So  the  impedance  at  point  A  will  be  constant  for  considera¬ 
tion  of  eaoh  of  the  r  Js. 

si 

Since  we  wish  the  t  attenuated  voltage  e  '  to  be  pro- 

mm  ^  so  ■  ^  - 

portional  to  o,  sin  6  , ,  we  write  from  equivalent  circuit  5b 
i  ot 


8 


S  u  3 


(A?) 


where  A"  is  a  constant  of  proportionality* 


We  also  see  that 


Ji 


or 
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St  -  _0 


6  St 


Substituting  into  equation  A7,  we  find 
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r  .  - 


'si  K  G,  sin T  , 
t  pt 


(A9) 


and  similarly 


Using  equation  A2j  we  have 


and 
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1 1  \  ' 
t  =  i 


(All) 
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o  o 


a_^  cos  0  j  I  (A12) 

i  00 


B=B 

8  O 


Since  ouf  circuit  design  rests  on  the  assunaption  that 
A4)  and  since  is  not  neces^ 


t=l 


s  sin  0  , 
t  oi 


sarily  equal  to 


6 .  COS  ©  . 
t  ot 


I  ,  prinCipaliy  because  Of 


Shading,  l/B.  and  1/B  can  be  equalized  by  introducing  a 
resistor  r  in  parallei  with  the  other  (fig*  A-6).  This 
resistor  can  be  considered  as  an  additional  sine  generator, 
but  with  zero  signal. 


Figure  A-6,  Equivalent  circuit  No*  6. 
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If,  for  example,  ,  then  can  be  increased 

n  R  n 

S  a  S 

1  1 
'  means  of  ““  : 
r 
s 


to  equal 
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-  1  ^  I  -  -  7 
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But  from  equation  AS^  ^  *.  -  ~i 


0  c  s 


so  that 
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f=f  1. 


tsl 


We  can  now  solve  for 
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Icjcos  e^j  I 


and  substituting  into  equation  A13  we  find 
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lli  as  a  special  case. 


N 

1 

a  cos  @  j  I 

If  qV 

i  =1 

i  =  l 

then  r  ^  ^ 
s 

and  no  shunt  resistor 

is  required. 

<  thenji-  can 

be  increased  to  equal  i 
^  M 
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APPENDIX  B:  MULTIBEAM  COUPUND  EFFECTS 

In  1957  a  study  of  Gros:s“talk  suppression  in  an 
inductive  phase  eompensator  was  made  by  R.  Olson,  * 
but  these  multiple  coupling  effects  in  a  resistive  phase 
compensator  have  not  been  analyzed  rigorously  with  ex* 
perimental  verification*  However,  a  qualitative  approach 
will  be  indicated  here  which  should  yield  a  workable  solu* 
tion  with  a  moderate  amount  of  time  and  effort* 

There  are  several  different  cross *talk“effeGt  voltages 
which  may  be  considered;  these  will  be  combined  with  the 
generator  (preamplifier)  signal  voltages  in  a  manner 
largely  determined  by  the  nature  of  the  sound  received  by 
the  hydrophone  array.  The  nature  of  this  sound  can  be 
considered  to  be  in  one  or  more  of  the  following  three 
categories : 


1.  Essentially  plane*wave  coherent  noise  (listen* 
ing  passively,  received  from  other  ships,  torpedoes*  etc.)* 
or  signal  echo  which  may  arrive  either  from  (a)  the  com* 
pensated  bearing  of  a  given  beam  under  consideration*  or 
(b)  from  some  other  direction  which,  for  purposes  of 
practical  significance,  will  be  confined  to  bearings  close  to 
the  compensated  bearing.  Some  types  of  reverberation  as 
Well  as  multipath  returns  from  other  causes  would  be  a 
source  for  these  returns  from  other  directions. 

2.  Semi*eoberent  self  noise  from  all  ship 
sources,  including  machinery  noise*  screw  noise,  turbulent 
water  and  bubble  noise,  flow  noise*  and  transducer  fairing 
excitation  noise, 

3.  Ambient  sea  noise  comprising  marine  life 
noise,  surface  noise*  etc.  Except  for  nearby  fish  noise* 
the  ambient  noise  will  probably  be  largely  incoherent*  de* 
pending  on  the  local  environment. 


^Reference  13,  p.  47*  fig,  39*  and  Appendix  III, 


Additionally,  electrical  circuit  noise  Will  add  itself,  but 
its  contribution  to  cross  talk  will  probably  be  negligible, 
even  under  very  quiet  listening  conditions* 

The  foregoing  factors  should  be  considered  for  a  full 
analysis  of  rnultiple^beam  cross-talk  effects*  However,  it 
appears  that  category  (1)  will  give  the  cross-talk  effect 
which  has  the  most  practical  significance,  since  the  voltages 
generated  by  categories  (2)  and  (3),  as  well  as  circuit  noise, 
will  approach  random  phase  summation  on  the  sine  and 
cosine  busses*  This  would  tend  to  give  only  the  same  type 
of  beam-degrading  effect  as  incoherent  sound  noise  re® 
ceived  directly  by  the  hydrophones  used  to  form  any  given 
beam* 

Since  the  output  voltages  of  the  beams  are  of  prime 
concern,  it  appears  that  a  useful  criterion  of  cross  talk 
can  be  the  amplitude  relationship  of  the  outputs  of  several 
beams  adjacent  to  the  one  on  which  a  conapensated  coherent 
signal  is  being  received.  This  may  be  visualized,  as  well 
as  simulated  for  practical  measurement,  by  the  injection 
of  a  Continuous  signal  voltage  into  a  beam  output  at  a  known 
level  and  calculating  or  measuring  the  adjacent  beam  output 
Voltages,  while  at  the  same  time  insuring  that  there  is  no 
appreciable  contribution  by  signal  or  noise  voltages  from 
the  preamplifiers  (such  as  zero  input  to  all  preamplifiers). 

Figures  B-1  and  B-2  illustrate  the  fact  that  the  multiple 
generators  contributing  to  the  network  of  each  beam  combine 
their  multiple  voltages  into  two  single  voltages  which  are 
the  summed  "sine"  and  "cosine"  voltages  respectively,  on 
the  "sine"  and  "cosine"  busses.  The  current  from  these 
summed  voltages  will  flow  back  through  the  paraUel  com¬ 
bination  of  any  given  generator  resistance  and  the  "other 
beam"  impedances  to  which  it  normally  contributes. 
Therefore,  the  attenuation  of  the  cross  "talk  voltage  from  a 
given  beam,  via  the  path  of  one  of  its  contributing  genera® 
tors,  is  determined  by  the  ratio  of  the  particular  "sine" 
and  "cosine"  resistors  to  the  parallel  generator  resistance 
and  "other  beam"  impedances  which  it  feeds.  Obviously, 
the  smaller  the  generator  resistance,  the  smaller  will  be 


SIGNAL  PROM  PREAMP  #  I  AND  CROSSTALK  FROM!  BEAM  1 


TO  Other  Beam  networks 


Figure  $-1,  Illustration  of  cross  talk,  showing 
the  manner  in  which  the  summed  heam  quadrature 
voltages  (  M^g,  Wf,/  can  be  considered  single  gen-^ 
erators  contributing  cross’-talk  voltage  to  adja~ 
cent  beams  by  means  of  inducing  current  flow  back 
through  a  given  generator  (preamp)  resistance* 


OUTPUTS  OF  SEAMS  TO  WHICH  OENERATOR  #  I  CONTRlSUf ES 
(ARBITRARV  beam  NUMBERS) 

- - - ^ 


Figure  B^S,  An  equivalent  eircuiti  illuatrating 
that  a  voltage  introduced  at  a  beam  output 

(with  zero  input  into  all  preampl if i era J  will  feed 
an  equivalent  current  hack  through  a  given  genera~ 
tor  resistance,  creating  a  croaa>^talk  voltage 
(Cj^)  which  simulates  the  normal  cross-talk  voltage 
(for  a  ingle- frequency  cons  iderat  ions )  from  the 
other  beam  networks  to  which  generator 

i  normally  contributes' a  signal* 


the  cross  "talk  voltage  across  it  to  be  imparted  to  the  other 
beams  to  which  it  contributes  ^  The  preamplifier  Output 
impedance  (design  value),  therefore  can  control  the  cross 
talk  between  beams.  Since  by  going  down  to  zero  as  the 
limiting  generator  impedance,  the  cross  *talk  voltage  would 
be  zero.  However,  it  is  desirable  to  design  the  preampli* 
fier  output  impedance  for  maximum  power  transfer  to  the 
multiple  beam  circuits  it  feeds.  If  the  generator  design 
impedance  for  maximum  power  transfer  is  not  sufficiently 
low  to  minimize  the  cross  talk  to  an  acceptable  level,  a 
compromise  between  the  two  factors  will  be  necessary. 


SasiGally,  the  phase  Gempensatof  simply  shifts  the 
phases  of  the  signals  from  various  elements  of  an  array  of 
hydrophones  (and  the  prinGiple  can  also  be  applied  to  eleo^ 
tromagnetiG  antenna  elements)  so  that  they  add  in-phase 
electrioally  for  aeoustic  (or  eleetromagnetiG)  signals  from 
particular  direGtions.  The  first  use  of  the  prinGiple  was  to 
provide  a  simple,  reliable,,  and  GompaGt  package  whieh 
would  give  multiple,  preformed  sonar  beams  *  However,  it 
may  be  advantageous  to  utilize  this  concept  in  a  variety  of 
other  phas  e  “Shifting  applieations , 

The  teehnique  can  provide  the  formation  of  single  or 
multiple  phased  outputs  from  single  or  multiple  phased  in¬ 
puts  anywhere  that  lumped  (or  determinable)  eonstant  cir¬ 
cuit  elements  can  be  used,  and  where  circuit  restrictions 
are  acceptable;  and  it  is  applieable  with  the  use  of  trans^ 
former,  resistor,  or  capacitor  eireuit  elements.  This  Gan 
be  done  in  one  of  two  general  ways : 

1.  In  a  phase  compensator  designed  to  provide  re^ 
ceiving  beams  from  an  array  of  elements  by  phasing  and 
summing  the  individual  element  voltages,  the  process  is 
reversible;  and  by  introducing  a  voltage  signal  into  any  beam 
output,  a  resulting  group  of  voltages  of  various  phases  will 
appear  at  the  (normal)  inputs  to  the  phase  compensator,  It 
is  in  this  manner  that  some  transformer  phase  compensa^ 
tors  have  been  designed  and  constructed  specifically  to 
form  transmitting  beams  for  Sonar  arrays. If,  in  the  re-* 
ceiving  array  above,  two  or  more  voltage  signals  of  the 
same  or  different  phases  were  applied  into  the  outputs  of 
two  or  more  beams  having  array  elements  in  common,  the 
resulting  group  of  voltages  appearing  at  the  (normal)  inputs 
to  the  phase  compensator  would  have  phases  and  amplitude® 
different  from  those  with  only  one  "beam"  input.  Of  course, 
the  specific  values  would  depend  on  the  design  values  of  the 
phase  compensator,  as  well  as  on  the  amplitude  and  relative 
phases  of  the  voltages  introduced  into  the  "beam"  outputs. 
Almost  any  combination  and  number  of  input /output  voltages 
for  a  variety  of  circuit  applieations  can  be  obtained  in  this 
general  way. 


2.  One  or  more  signal  inpnts  may  be  GOnsidered 
as  analogous  to  the  array  element  inputs  to  the  phase  corn*- 
pensator  when  it  is  used  to  "form"  reGeiving  beams;  and  the 
desired  phased  outputs  may  be  considered  as  analogous  to 
the  "beam"  outputs.  Thus  an  almost  limitless  number  of 
different  combinations  of  input /output  voltages  and  phases 
may  be  obtained;  two^^phase  to  four^^phase;  two-phase  to 
three-phase;  one -phase  to  six-phase^  etc. 

Figures  C-1  and  C-2  indicate  the  general  circuit  con¬ 
figuration  to  obtain  three-phase  voltages  from  a  single 
phase  input.  This  is  analogous  to  a  phase  compensator  for 
a  one-element  "array"  forming  three  "beams"  for  pre¬ 
determined  angles  of  compensation.  There  is  only  one 
signal  input  to  "sum"  its  voltage  on  the  sine  and  cosine 
beam  busses  in  the  resistive  phase  compensator,  so  an 
additional  shunt  resistor,  to  ground,  is  necessary  to  allow 
the  LC  90*  phase  shift  network  to  look  "back"  into  the  " 
impedance  that  will  not  in  general  be  the  same  as  that 
of  each  attenuating  resistor  used.  By  either  using  a  differ¬ 
ent  90*  phase  network,  or  modifying  the  original  circuit 
Constants,  these  shunt  resistors  mi^ht  be  eliminated,  The 
transformer  version  does  not  generally  impose  this  re¬ 
quirement  with  its  1^0  90*  phase  shift  network, 
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Figure  C-2*  Typical  one-^to-three  phase  netioork 
using  resistor  elements* 
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